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Taste concentrationAgeing affects taste perception as shown in psychophysical studies, however, underlying structural and function-
al mechanisms of these changes are still largely unknown. To investigate the neurobiology of age-related
differences associated with processing of basic tastes, we measured brain activation (i.e. fMRI-BOLD activity)
during tasting of four increasing concentrations of sweet, sour, salty, and bitter tastes in young (average
23 years of age) and older (average 65 years of age) adults. The current study highlighted age-related differences
in taste perception at the different higher order brain areas of the taste pathway. We found that the taste
information delivered to the brain in young and older adults was not different, as illustrated by the absence of
age effects in NTS and VPM activity. Our results indicate that multisensory integration changes with age; older
adults showed less brain activation to integrate both taste and somatosensory information. Furthermore, older
adults directed less attention to the taste stimulus; therefore attention had to be reallocated by the older
individuals in order to perceive the tastes. In addition, we considered that the observed age-related differences
in brain activation between taste concentrations in the amygdala reﬂect its involvement in processing both
concentration and pleasantness of taste. Finally, we state the importance of homeostatic mechanisms in under-
standing the taste quality speciﬁcity in age related differences in taste perception.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Adequate dietary intake has been recognized as one of the key
factors in maintaining good health, and thereby fostering the quality
of life, especially in older adults (i.e. N65 years of age). It is known,
however, that food intake changes with advancing age. Whereas food
intake is determined by a complex interplay of factors, older adults
rank a food's taste as signiﬁcantly more important than other factors
(e.g., biological, economic, physical, and psychosocial factors) (Krondl
et al., 1982) compared to young adults. Notwithstanding the relevance
of adequate food intake, there is a lack of knowledge on the speciﬁc
mechanisms underlying age-related changes in taste perception. The
aim of the current study was to investigate the neural substrates of
taste perception in young and older adults, by manipulating taste
quality and taste concentration.ingen, Antonius Deusinglaan 2,
een).
. This is an open access article underPsychophysiology of age-related changes in taste perception
Several studies have shown that taste perception changes when peo-
ple age. In these studies two aspects of taste perception have mainly
gained attention. First, decreases in threshold taste sensitivity have been
observed with increasing age (see for a review: Methven et al., 2012).
Age-related changes in taste sensitivity are reﬂected in both the detection
and identiﬁcation of tastes during threshold taste perception. For exam-
ple, Mojet et al. (2001) observed that older adults needed a higher taste
concentration to detect the presence of either a sweet, sour, salty, or bitter
taste using a two-alternative forced choice task (i.e. they had to indicate
which of two taste solutions contained the taste compared to a cup
with distilled water). In addition to these changes in taste detection,
Fukunaga et al. (2005) showed that older adults had more difﬁculty to
correctly identify the taste quality being sweet, sour, salty, or bitter (i.e.
taste identiﬁcation) than young adults. This is in agreement with the
study of Landis et al. (2009), in which spoon-shaped ﬁlter paper strips
were used impregnated with four basic taste qualities in four different
concentrations. Landis and colleagues found that with increasing age
the overall number of correctly identiﬁed strips decreased. The second as-
pect relevant with respect to taste perception is changes in supra-the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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age. It was found that older adults required larger concentration differ-
ences in order to experience a difference in stimulus intensity using a
three-alternative forced choice test (Kaneda et al., 2000; Kremer et al.,
2007).
Although ageing was reported to affect taste perception in general,
these age-related changes appear to be taste-quality-speciﬁc. With
advancing age, taste detection thresholds of bitter stimuli seem to be af-
fected most, followed by sour, salty, and sweet stimuli subsequently
(Gilmore and Murphy, 1989; Kaneda et al., 2000; Murphy and Gilmore,
1989). However, Mojet et al. (2001) found a decline in taste detection
thresholds only for salty and sour, while they observed no differences be-
tween young and older adults for sweet and bitter tastes. Moreover,
Weiffenbach et al. (1982) found that taste detection thresholds were af-
fected for salty and bitter tastes, but not for sweet and sour tasteswith in-
creasing age. These results conﬁrm that age-related changes on taste
perception indeed vary; however, the extent and signiﬁcance of these
taste-quality-speciﬁc effects are rather inconsistent across studies.
Mechanisms underlying age-related changes in taste perception
The psychophysical studies mentioned above, showed changes in
taste perception as a function of age.With respect to themechanismun-
derlying these changes, Shin et al. (2012) studied the anatomy of the
taste sensory system in mice. It was found that a reduced number of
taste cells expressing the sweet taste receptor, was related to reduced
sweet taste responsivity in older compared to young mice. However,
no decrease in taste bud number in papillae was observed as a function
of age in humans (Arvidson, 1979; Mistretta and Baum, 1984). This
indicates that changes in anatomy are unlikely to underlie age-related
changes in taste perception in humans.
Alternatively, age-related changes in humans might be associated
with changes within the neural substrates of the taste sensory system.
These changes can either be explained by changes in brain structure,
such as reduced grey matter and cortical thickness (Fjell et al., 2006),
or by changes in brain function, as reﬂected in changes in activation pat-
terns in brain responses during taste perception (De Boer et al., 2013;
Levine et al., 2000). Although evidence with respect to taste perception
is scarce, age-related reductions in parietal activity were observed
during the processing of visual information, which were attributed to
deﬁcits in sensory processing (Cabeza et al., 2004; Grady et al., 2005).
Additionally, reduced activation was observed in older adults in re-
sponse to tactile stimuli (Brodoehl et al., 2013; Tomasi and Volkow,
2012) in the primary and secondary somatosensory area, areas which
were also found to be responsive to taste information.
This study aims to contribute to a better understanding of neural
mechanisms underlying age-related changes in taste perception in
humans. More speciﬁc, in the present study we sought to examine
whether the perception of taste indeed differs across young and older
adults and whether these differences were dependent on taste quality
and/or concentration. In order to do so we used functional magnetic
resonance imaging recorded during the perception of basic tastes
measured at different brain areas along the taste pathway.
The pathway of taste information processing in the brain
Studies investigating the neural substrates of the taste sensory
system elaborate on existing knowledge on taste perception which is
mainly based on psychophysical studies. In these studies, taste percep-
tion is examined by studying the effect of varying properties of taste
stimuli along one or more physical dimensions on an individual's
subjective experience as reﬂected in overt behaviour (e.g., button
press or verbal reaction). Whereas these methods do not provide direct
information with respect to the underlying mechanisms of age-related
changes in taste perception, neuroimaging does enable us to study the
neural substrates between a stimulus and its behavioural response.Information derived from taste cells on the tongue converges via the
taste-responsive cranial nerves on the rostral division of the nucleus
tractus solitarius (rNTS) of the medulla (Simon et al., 2006). The NTS
is involved in coding both taste quality and concentration (Di Lorenzo
and Victor, 2003). Ascending pathways subsequently terminate in the
ventroposterior medial nucleus of the thalamus (VPM). From there,
thalamic afferents project to the primary somatosensory area in the
cortex (i.e. the cortical somatotopic sites for the face and oral cavity on
the postcentral gyrus) (Boling et al., 2002), and the secondary somato-
sensory area (i.e. the posterior insula) (Stephani et al., 2011). Small
and Prescott (2005) postulated that taste, odour, and associated tactile
sensations are integrated in these oral somatosensory areas, to produce
a unitary ﬂavour percept. In line with these ﬁndings, previous studies
showed increased multisensory integration in older compared to
young adults for visual–auditory stimuli (DeLoss, Pierce, and Andersen,
2013; Peiffer et al., 2009), as reﬂected in increased activity in posterior
parietal integration areas in older adults (Diaconescu et al., 2013). In ad-
dition to the secondary somatosensory area, identiﬁed on the posterior
insular region, the insula has been subdivided in two other anatomically
and functionally meaningful regions (Deen et al., 2011; Nelson et al.,
2010). First, the ventral anterior insula, which receives predominant-
ly afferents from the limbic cortex (e.g., amygdala), and is described
as the primary taste cortex. This area mediates the processing of
taste concentration and taste quality (Grabenhorst et al., 2008;
Schoenfeld et al., 2004; Smith-Swintosky et al., 1991; see for meta-
analysis Veldhuizen et al., 2011). Moreover it modulates perceived
pleasantness by manipulation of expectations and beliefs (Berns
et al., 2001; Nitschke et al., 2006; Zald, 1998). A previous study indi-
cated that older adults show lower activation in the ventral anterior
insula in response to painful stimuli (Quiton et al., 2007), which was
argued to reﬂect changes in affective processing with advancing age.
Second, the dorsal anterior insula receives afferents predominantly
from the medio-dorsal nucleus of the thalamus. Activation of the
dorsal anterior insula has been associated with attention (Eckert
et al., 2009; Touroutoglou et al., 2012). For example, Veldhuizen
et al. (2011) showed that the dorsal anterior insula was more acti-
vated in response to an unexpected taste as compared to the percep-
tion of an expected taste.
Besides thepathway from the rNTS to the insular cortex, two subcor-
tical brain areas were implicated in taste processing; the amygdala and
the lateral hypothalamus (LH). Regarding the amygdala, it was found
that brain activation increases across increasing taste concentrations
(Anderson and Sobel, 2003; Small et al., 2003). Also, bitter stimuli
were found to elicit a stronger amygdala response in older compared
to young adults (Jacobson et al., 2010). However, in the Jacobson et al.
study the young and older adults did not differ in threshold taste sensi-
tivity and the subjective pleasantness they expressed after tasting.
Therefore, the authors were unable to ascribe the stronger amygdala
response to either taste concentration or taste pleasantness. With re-
gard to the LH, it is known that this structure plays an important role
in the regulation of homeostasis, motivation and eating behaviour
(Li et al., 2013; Smeets et al., 2005; Tokita et al., 2014). For example,
an increased response in the LH was observed in response to salty
taste during the salt-deprivation condition together with increased
motivation towards salty taste (Tandon et al., 2012). The authors
suggested that homeostatic state affects the motivational value of
particular taste stimulus as reﬂected LH activation. Moreover, it
was found that ageing is associated with the down-regulation of
neurotransmitters in the LH involved in motivation and appetite,
which has been associated with a loss of weight at the end of life
(Kmiec, 2010; McDonald and Ruhe, 2010). In sum, different brain
areas are involved in the processing of taste information. Informa-
tion about age-related changes in these brain areas along the taste
pathway is scarce and a more precise localisation of these effects
will reveal more insight in possible mechanisms underlying the
effects of age with respect to taste perception.
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Fig. 1. Taste task. Sequence of taste delivery, rating and rinsing.
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Participants
A group of young (n= 41, 21 men, average 23 years of age, SD= 3,
range 18–30 years) and older (n=36, 18men, average 65 years of age,
SD = 4, range 60–72 years) healthy adults, without a history of head
injury or other neurological conditions participated in this study. All
participants were right handed, non-smokers for at least 3 months, re-
ported no oral or nasal complaints and had normal or corrected to nor-
mal vision. To ensure that hormone levels were fairly constant, young
female participants were only included if they used hormonal
anticonceptives. Participants using medication that might affect taste
perception (i.e. with reported side effects like gastrointestinal com-
plaints, dry mouth, nausea, and taste disturbance) were excluded
from the study. Participants received monetary compensation for
participation.
Ethics statement
The study protocol was approved by the medical ethical committee
of the University Medical Center Groningen and all participants gave
written informed consent before participation.
Task and stimuli
During scanning participants performed four task blocks of approx-
imately 15 min each. Each block consisted of tasting three of the four
taste qualities, delivered sequentially in ﬁve ascending concentrations
(i.e. 0 (equals a rinse), 12.5, 25, 50 and 100%of themaximumconcentra-
tion stock solutions). A ﬁxed sequence from a low to high concentration
results in lower carry over effects than the delivery of random or
descending concentrations. Furthermore, a similar concentration
sequence was used in all participants in order to reduce the variability
of carry over effects across participants. Over four blocks tastes were
administered three times in a balanced order. The order was
counterbalanced across participants. Task blocks were alternated with
rest periods of approximately 2 min. In order to minimize carry over
effects that might arise between 1) taste qualities (e.g. effect of pleasant
taste followed by an aversive taste and vice versa) and 2) taste concen-
trations (e.g. effect of intense taste followed by a weak taste) we used
the current selected block design instead of an event-related design.
Participants were visually cued for solution deliverywith awhite as-
terisk (2 s) followed by the text “taste” for a taste and a blue circle (5.8 s)
followed by the text “rinse” for a rinse. Orally delivered taste qualities
were sweet (100%: 560 mM sucrose), salty (100%: 180 mM NaCl),
sour (100%: 10 mM citric acid) and bitter (100%: 1 mM quinine HCl)
(Bender et al., 2009; Jabbi et al., 2007; Rolls, 2011). For the rinsing and
dilution of the tastes, demineralized water was used. Stimuli were all
delivered in volumes of 2 ml over 3 s, using an in-house designed
MRI-compatible taste system. This system consists of 30 syringes,
operated by the experimenter following audio cues delivered via head-
phones. Task instructions were presented on a computer monitor using
E-prime (Psychology Software Tools Inc., Pittsburgh), in white on a
black background (Fig. 1).
After tasting and swallowing (3.5 s), participants rated the pleasant-
ness of the taste stimulus on a horizontal 7-point Likert scale (ranging
from 1 “very unpleasant” to 7 “very pleasant”). Rating was done using
a button box, which was held in the right hand. Subsequently, a rinse
was delivered (4 s) and swallowed (3.8 s). Thereafter, a baseline-
interval followed, wherein a red cross was displayed on the screen.
The baseline-interval lasted for 6 s between different taste concentra-
tions and 15 s between different taste qualities. In total, the protocol
lasted for approximately 90 min, during which 264 ml of liquid was
administered.Procedure
Participants ﬁrst participated in a one-hour screening session sched-
uled between 9.00 and 12.00 a.m.. During this session inclusion criteria
were checked, saliva samples were collected (results reported else-
where), screening for hypogeusia was performed, and participants
were familiarized with the experimental procedure. A scanning session
during which participants performed the tasting task took place within
7 days from the screening session. Participants were instructed not to
eat or drink during 2 hrs prior to the scanning session.
Hypogeusia test
Screening for hypogeusia was conducted using spoon-shaped ﬁlter
paper strips, which were impregnated with four basic taste qualities
in four different concentrations (Landis et al., 2009). Two neutral taste
strips were included with no taste concentration impregnated. After
the mouth was rinsed with water, participants were asked to place a
strip on the middle anterior third of the tongue. Taste qualities were
applied in a randomized fashion at each of the four concentrations
and in an ascending (i.e. low to high) concentration order. Participants
had to identify the taste from a list of ﬁve descriptors, i.e. sweet, sour,
salty, bitter, or neutral (multiple alternative, forced choice). The whole
testing procedure typically required approximately 10min. The number
of correctly reported taste qualities corresponded to an overall ‘taste
score’ ranging between 0 and 18.
Image acquisition
Functional MRI scans were obtained with a 3 T MR scanner (Philips
Intera, Best, the Netherlands) equipped with a 32-channel head coil.
Functional partial brain images were acquired in coronal orientation
covering 81 mm of the cortex capturing the brainstem and insula.
Partial brain scans were chosen to optimize coverage of brainstem,
thalamus, insula and amygdala. Other areas that previously have been
studied in relation to taste processing such as the orbitofrontal cortex
(OFC), were not (totally) included in data collection (Fig. 2). The Princi-
ples of Echo-Shifting with a Train of Observations (PRESTO: (Van
Gelderen et al., 2012)) sequence was used to allow rapid switching of
the imaging gradients. The following pulse sequence parameters were
used: ﬁeld of view (FOV) 230 × 230 × 81 mm (rl, ap, fh); voxel size
3.03 × 3.59 × 3 mm; scanning matrix 76 × 64 × 27; repetition time
(TR) = 20 ms; echo time (TE) = 30 ms; ﬂip angle 7°; SENSE factors:
2.1, 1.9 (rl, ap); and 27 slices, scan time per volume 0.852 s. In addition,
Fig. 2. Image acquisition. A transversal (left) and sagittal (right) view of the brain areas
covered in image acquisition. Actual scanning contained 27 slices.
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partial brain PRESTO images: FOV 230 × 230 × 234 mm; 78 slices; scan
time per volume 2.3 s. Furthermore, a T1-weighted 3D fast ﬁeld echo
(FFE) whole brain image was obtained in transverse slice orientation
after the ﬁrst two experimental blocks and the full brain PRESTO im-
ages: FOV 256 × 232 × 170 mm (rl, ap, fh); voxel size 1 mm isotropic;
TR = 9 ms; TE = 3.5 ms; ﬂip angle 8°; SENSE factors: 2.5, 1 (ap, fh);
170 slices, scan duration = 246.3 s.
Pre-processing and ﬁrst level analysis of functional images
Pre-processing and ﬁrst-level analysis of the functional images were
performed using the Statistical Parametric Mapping software Version 8
(SPM8; http://www.ﬁl.ion.ucl.ac.uk/spm) implemented in Matlab
2011b (TheMathWorks, Natick, MA). During pre-processing, functional
images were corrected for motion artefacts (realignment), coregistered
to the third full brain PRESTO image as an intermediate step, and subse-
quently coregistered to the T1 anatomy image. For normalization,
Diffeomorphic Anatomical Registration Through Exponentiated Lie al-
gebra (DARTEL)was used to create a study speciﬁc anatomical template
(young and older adults together). The coregistered functional images
were normalized to this study speciﬁc template optimizing the inter-
participant alignment (Ashburner, 2007). Finally, the images were nor-
malized to theMontreal Neurological Institute (MNI) standard template
and smoothed with a 6 mm full-width half-maximum (FWHM)
Gaussian kernel.
For the ﬁrst-level statistical analysis, the conditions ‘Tasting’,
'Swallowing', ‘Rate’ (i.e. 10 s between swallowing and the actual rating
scale) and ‘Ratingscale’ were entered as separate regressors for each
taste stimulus. Thus every condition was modelled 48 times (4 taste
qualities × 4 taste concentrations × 3 repetitions). All rinsing
conditions (i.e. ‘Tasting’, ‘Swallow’, ‘Rate’, and ‘Ratingscale’ of the 0%
taste concentration and ‘Rinse’ and ‘Swallow’ during rinsing) were
stacked in a single regressor. Additionally, two regressors (of no inter-
est) were assigned to ‘Taste comes’ (white asterisk) and ‘Rinse comes’
(blue circle), respectively, to explain remaining variance to be removed
from baseline. The realignment parameters and the ﬁrst derivatives
thereof were entered as covariates to correct for the effects related to
head motion (Friston et al., 1996). A high-pass ﬁlter with a cut-off of
128 s was applied to remove confounds created by slow signal drifts
with a period exceeding this threshold. The task-related regressors
were convoluted with the canonical hemodynamic response function
(HRF) in order to estimate the amplitude of the brain response
(i.e. beta estimates) to the corresponding conditions.
Missing volumes in image acquisition
For technical reasons, several PRESTO images were missing at ran-
dom time intervals (on average 0.05% of the whole dataset) for 10participants. To minimize the effect of missing volumes, 1) these vol-
umes were replaced with the ﬁrst PRESTO volume of the task block,
and 2) a separate regressor for each missing volume was added during
the ﬁrst-level statistical analysis.
Group level analyses of behavioural data
The subjective liking ratings obtained during scanning were
analysed using linear mixed-effects modelling (LME) using the lme4
package (Bates et al., 2014) in the open source statistical language R
(R Core Team, 2012). The liking rating were compared between age
groups (two levels: young and old), taste concentrations (continuous
from 12.5, 25, 50, to 100%) and taste qualities (four levels: sweet, sour,
salty, and bitter) (ﬁxed effects), while taking into account intra-
individual variability by adding subject as a random effect. In addition,
the three administrations of the same taste concentration were used
to calculate a random slope effect, allowing each subject's taste admin-
istration to deviate from the overall intercept and slope constituted by
the ﬁxed effects.
The taste scores obtained in the hypogeusia test were counted for
each taste that was administered (i.e. sweet, sour, salty, bitter, and
neutral) and analysed with generalized linear mixed-effects modelling
(GLMM) using the lme4 package. In this model, the taste scores were
assumed to be a Poisson function of the predictors age group (two
levels: young and old) and taste quality (four levels: sweet, sour, salty,
and bitter).
Model comparisons for both the subjective liking ratings and taste
scores were based on likelihood ratio tests using theχ2 statistic provid-
ed in the lme4 package. We will report both beta estimates and the cor-
responding p-values for the optimal models.
Group level analysis of functional images
Group-level analysis on fMRI data was performed using the LME as
implemented in AFNI (see for details of 3dLME Chen et al. (2013)). By
applying linear mixed effect modelling, we were able to control for
intra-individual variability resulting from the repeated taste adminis-
trations. Each taste administration was modelled separately in the
current voxel-by-voxel group analysis.
At the group level, the amplitudes of theHRF during tasting (i.e. beta
estimates of the 3 s tasting interval) resulting from the ﬁrst-level analy-
sesweremodelled voxel-wise in the LME framework. Model estimation
within amaskwas applied using the greymatter tissue probabilitymap
obtained from DARTEL (threshold: p N .3). We used four ﬁxed factors:
one between-subjects factor: Age group (two levels: young and older
adults), and two within-subject factors: Taste quality (four levels:
sweet, sour, salty, and bitter) and Taste concentration (four levels:
12.5, 25, 50, and 100%). Note that the current analysis extended conven-
tional group-level analysis like the general linear model (GLM), by
enabling interaction effects between age groups, taste qualities and
taste concentrations in a single model. The variable Repetition (three
levels: three administrations of the same taste concentration) was
inserted as a random slope effect, allowing each subject's taste adminis-
tration to deviate from theoverall intercept and slope constituted by the
ﬁxed effects. The F-maps and t-maps were thresholded using
puncorrected b 0.05 with an extent of 20 voxels, to identify grey matter
regions showing main- and interaction effects. Because of high compu-
tational demands that are required for running this model, no model
comparisons could be performed. We identiﬁed the effects of age on
the pattern of the beta estimates over increasing taste concentrations,
and whether these effects are taste-quality-speciﬁc. For reasons of clar-
ity, we present the ﬁndings from activity in task-related brain regions in
the order of the gustatory pathway involved in basic taste processing
(i.e. from the nucleus solitary tract to the insular cortex and overlying
operculum).
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Hypogeusia taste scores
Young (average = 12, SD = 2) and older adults (average = 12,
SD = 2) showed no signiﬁcant differences on the taste score for sweet
(beta sweet:young–old = 0.03, n.s.), sour (beta sour:young–old =−0.10, n.s.),
salty (beta salty:young–old =−0.26, n.s.), and bitter (beta bitter:young–old =
0.00, n.s.) tastes.
Subjective liking ratings
Participants liked the sweet taste most (mean sweet = 5.00, beta
sweet–salty = 2.41, p b 0.001), followed by sour (mean sour = 3.42) and
salty (mean salty = 2.93, beta sour–salty = 0.12, n.s.). Bitter was most
disliked (mean bitter=1.55, beta salty–bitter=1.48, p b 0.001). In addition,
the liking ratings decreasedwith increasing taste concentrations for bit-
ter taste qualities (beta bitter:concentration =−0.12, p = 0.008), while the
liking ratings of sweet tastes showed an inverted U-shape with increas-
ing concentrations (beta sweet:concentration = 0.07, p = 0.015). The liking
ratings for sour (beta sour:concentration = −0.01, n.s.) and salty
(beta salty:concentration = −0.07, n.s.) tastes did not change across
concentrations.
In general the older adults reported higher liking ratings compared
to the young participants, however, post-hoc tests showed that this
was only observed for sweet (beta sweet:old–young = 0.34, p = 0.039)
and salty (beta salty:old–young=0.61, p b 0.001) tastes. There were no sig-
niﬁcant differences observed between young and older adults for bitter
(beta bitter:old–young = 0.13, n.s.), while older adults actually reported
lower liking ratings for sour tastes (beta sour:old–young = −0.32, p =
0.048). No interactions were found between age, taste quality and
taste concentration (i.e. extending the previous model with interaction
terms did not result in a signiﬁcant improvement for estimating the
liking ratings (χ2 = 0.00, n.s.)).
fMRI data
Wepresent the ﬁndings for brain activations in task-related brain re-
gions, in the ﬂow of information in the taste pathway that is from the
nucleus solitary tract to the insular cortex and overlying operculum.
For each brain regions, the effects of taste concentration are reported
ﬁrst, followed by the effects of taste quality.
Brain overlays of regions representing signiﬁcant t- and F-test results
are presented in the ﬁgures. The F-tests are further displayed in bar
graphs of themeanbeta estimate of all voxelswithin a signiﬁcant regionTable 1
Regions of signiﬁcant t- and F-tests: effects within the taste pathway.
Effect and region Hem. Peak voxel MNI co
x
Age: young–old (# voxels: k N 20)
Medio-dorsal nucl. (thalamus) L/R 2.00
Taste quality (# voxels: k N 20)
No effects observed
Taste concentration (# voxels: k N 20)
Lateral hypothalamus L/R 0.00
Age × taste quality (# voxels: k N 20)
Pulvinar nucl. (thalamus) R 16.00
Lateral hypothalamus L/R 0.00
Posterior insula L −40.00
Ventral anterior insula R 44.00
Age × taste concentration (# voxels: k N 20)
Amygdala R 16.00
Amygdala L −28.00
Postcentral gyrus L −52.00
Posterior insula L −34.00
Dorsal anterior insula L −37.00(i.e. mean beta estimates across three administrations of the same taste
quality (e.g., sweet) and taste concentration (e.g., 100%)) for young
(blue) and older (red) participants separately. The results of the linear
mixed effectmodelling, including F-values and t-values, and anatomical
location of signiﬁcant clusters of activation are reported in Table 1.
Nucleus solitary tract
Group analysis showed that activation levels did not differ between
age groups, taste qualities and taste concentrations in this brain area.
We neither observed signiﬁcant interactions between these factors. To
ensure the presence of fMRI signal in the rNTS (i.e. the input of the linear
mixedmodel in this area),we extractedmeanbeta estimates of a sphere
with a radius of 3 voxels around the anatomy based MNI coordinates
[(−)4.00−43.00−45.00] for the left and right NST, respectively. By
visual inspection we found that activation patterns in the rNST were
indeed modulated by tasting as compared to baseline, which supports
the reliability of our ﬁndings.
Ascending pathways from the NST–ventral posteromedial (VPM)nucleus of
the thalamus
Task related brain activationwas found in all taste conditions in both
age groups in this brain area. However, no differences were found
between young and older participants, and between different taste
qualities and taste concentrations.
Ascending pathways from the thalamus–primary somatosensory area
We found enhanced activation in young compared to older partici-
pants in the primary somatosensory area. This pattern of results was
scattered across the postcentral gyrus. In addition, we observed
differences in activity between young and older adults at different
taste concentrations on the postcentral gyrus; an area reﬂecting the
homuncular area of the representation of the head and neck. We
found the most pronounced ageing effects in the 100% taste concentra-
tion condition compared to the lower taste concentrations (Fig. 3). Taste
quality did notmodulate activity in primary somatosensory area, and no
interaction effect was observed in the brain response between age and
taste quality.
Reciprocal pathways from the pulvinar nucleus of the thalamus to the
association cortex
No differences in brain activation were observed between different
taste concentrations, neither did age interact with taste concentration
in the pulvinar nucleus of the thalamus. We did observe higher activity
in young adults in this area, which was more pronounced for sour taste
(Fig. 4), as reﬂected in the age by taste quality interaction.ordinates Max. int. Signiﬁcance level
y z
−14.00 11.00 t (72) = 8.73 PFWE b 0.05
−4.50 −16.00 F (3.3448) = 3.84 Punc. b 0.05
−30.00 4.00 F (3.3448) = 5.50 Punc. b 0.05
−12.00 −8.00 F (3.3448) = 3.03 Punc. b 0.05
−36.00 18.00 F (3.3448) = 2.71 Punc. b 0.05
2.00 −14.00 F (3.3448) = 3.36 Punc. b 0.05
2.00 −20.00 F (3.3448) = 3.12 Punc. b 0.05
−2.50 −28.00 F (3.3448) = 2.45 Punc. b 0.05
−30.00 32.00 F (3.3448) = 4.69 Punc. b 0.05
−30.00 14.00 F (3.3448) = 2.70 Punc. b 0.05
26.50 −2.00 F (3.3448) = 2.83 Punc. b 0.05
12.5%                            25%                                50%                                  100%                0.00                  F-value             5.50
0
0.5
1.0
1.5
-0.5
 2.0
R                Y = -30.00                  L
X = -52.00
Fig. 3. Primary somatosensory cortex. Bar graphs representing taste concentration effects in young (blue) and older (red) participants.
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Posterior insular cortex. The brain response in the posterior insular cor-
texwas higher in young compared to older participants, especially in re-
sponse to the 100% taste concentration (Fig. 5a). Furthermore, age was
found to interact with taste quality (Fig. 5b). Remarkable, older partici-
pants showed increased brain activity as compared to baseline levels
only in the sour condition, while such effects were nearly absent in
the other conditions. In young participants, the most pronounced re-
sponsewas shown in response to sour, followed by sweet, salty, and bit-
ter tastes.
Ventral anterior insular cortex. Taste concentration did not modulate ac-
tivity in the ventral anterior insular cortex; neither did we observe dif-
ferences in brain activation between age groups dependent on taste
concentration in this brain area.We did observe an interaction between
age and taste quality, reﬂecting a smaller brain response in young par-
ticipants compared to the older participants in response to salty and
sour tastes in this brain area. No differences were found between
young and older participants in response to sweet and bitter tastes in
this area (Fig. 6).Sweet Sour Salty
 2.0
 1.5
 1.0
 0.5
 0
 -0.5
Fig. 4. Pulvinar nucleus of the thalamus. Bar graphs representing taDorsal anterior insular cortex.We observed an interaction between age
and taste concentration in the dorsal anterior insula, indicating that
older participants showed more activation than the young adults did
in the 12.5% taste concentration condition. This difference was less pro-
nounced or even absent in the higher taste concentration conditions
(Fig. 7). Taste quality did not modulate activity in this brain area;
neither did age interact with taste quality.
Reciprocal pathways from anterior insular cortex to the amygdala
Activation patterns in the amygdala differed across age groups.
Moreover, these effects of age were modulated by taste concentration,
as reﬂected in age by taste concentration interaction (Fig. 8). In the
right amygdala, differential activation between young and older partic-
ipants was mainly observed in the 12.5, 25, and 100% concentration
conditions. Visual inspection of Fig. 8 shows a decrease in response in
the young participants with increasing taste concentrations, whereas
the pattern of activity in older participants was more variable across
the different concentrations. To test these effects, we performed an ad-
ditional linearmixed effectmodel analysis using themeanbeta estimate
of all signiﬁcant voxels extracted from the right amygdala. We found
that the activation patterns across concentration were not differentBitter                 0.00                  F-value              5.50
R                         Y = -30.00              L  
X = 16.00
ste quality effects in young (blue) and older (red) participants.
12.5%                             25%                               50%                                  F-value
Sweet Sour Bitter 0.00                  F-value              5.50
 2.0
 1.5
 1.0
 0.5
 0
 -0.5
 -0.5
 0
 0.5
 1.0
 1.5
 2.0
R                          Y = -30.00               L  
X = -34.00
R                          Y = -36.00               L  
X = -40.00
A
B
100% 5.500.00
Salty
Fig. 5. Posterior insular cortex. Bar graphs representing A) taste concentration and B) taste quality effects in young (blue) and older (red) participants.
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so the observed interaction effect between age and taste concentration
seems to be dominated by the young adults showingmore brain activa-
tion than older adults. In the left amygdala, we found that the responseSweet                            Sour                               Salty     
 2.0
 1.5
 1.0
 0.5
 0
 -0.5
Fig. 6. Ventral anterior insular cortex. Bar graphs representing tastin the 12.5% taste concentration condition was signiﬁcantly larger com-
pared to the other taste concentrations in older adults (Fig. 9). In neither
the right nor the left amygdala we observed differences between taste
qualities, or an interaction between age and taste quality.                        Bitter                  0.00                F-value                5.50
R                 Y = 2.00                   L  
X = 44.00
e quality effects in young (blue) and older (red) participants.
12.5%                              25%                               50%                                  100%                0.00                 F-value                5.50
 -0.5
 0
 0.5
 1.0
 1.5
 2.0
R                  Y = 26.50                 L  
X = -37.00
Fig. 7. Left dorsal anterior insular cortex. Bar graphs representing taste concentration effects in young (blue) and older (red) participants.
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hypothalamus
We found that activity in the lateral hypothalamus was different be-
tween taste concentrations (average ± SD [95% CI from bootstrap]:
12.5%: 0.64 ± 0.41, 25%: 0.43 ± 0.41, 50%: 0.45 ± 0.42, 100%: 0.15 ±
0.51), reﬂecting higher activation levels in the 12.5% concentration
compared to the other concentration conditions. Age did not modulate
these differences signiﬁcantly. However, we did observe an interaction
between age and taste quality in the lateral hypothalamus. Higher levels
of activity in this area in young compared to older participants were
most pronounced for the bitter, followed by salty, sweet, and sour
taste quality (Fig. 10).Pathways from the amygdala and hypothalamus–medio-dorsal nucleus of
the thalamus
Weobserved enhanced activation in young compared to older adults
in the medio-dorsal (MD) nucleus of the thalamus. No differences were
found in this area between different taste qualities and taste concentra-
tions; neither did age interact with taste quality or taste concentration.12.5%                              25%                               50%      
-0.5
    0
0.5
1.0
1.5
2.0
2.5
Fig. 8. Right amygdala. Bar graphs representing taste concentration effects in young (blue) and o
of 2.0, as used in the other plots.Discussion
The role of the ageing brain in the processing of taste information
has received little attention so far. Available evidence, however, demon-
strate differential brain responses to taste stimuli of different taste
qualities (Green et al., 2013; Haase et al., 2009; Jacobson et al., 2010)
and also of different concentrations (Small et al., 2003). The mutual
inﬂuence of both factors on age-related effects in taste perception still
remains elusive. In the present study, we explicitly investigated the
neural substrates underlying age-related effects on the perception of in-
creasing concentrations of sweet, sour, salty, and bitter taste stimuli in
healthy young and older adults.
We examined taste perception in individuals without reported taste
disturbances. The overall taste scores based on psychophysical test
scores indeed indicated that neither our young nor the older partici-
pants had a reduced ability to detect and identify sweet, sour, salty, or
bitter substances, suggesting that age is not necessarily associated
with differences in taste perception. Although previous studies showed
that taste identiﬁcation decreases with age (Fukunaga et al., 2005;
Landis et al., 2009), our results indicated that there was no differenceR LY = 2.00
X = 16.00
0.00    F-value                5.50                           100%
lder (red) participants. Note that themaximumbeta effect size on the y-axis is 2.5 instead
0.00        F-value            5.5012.5%                             25%                               50%                                  100%
-0.5
    0
0.5
1.0
1.5
2.0
X = -28.00
Y = -2.50R L
Fig. 9. Left amygdala. Bar graphs representing taste concentration effects in young (blue) and older (red) participants.
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in our participant group.
General age-related differences along the taste pathway
In order to investigate age-related differences in brain mechanisms
underlying taste perception, we examined fMRI data recorded during
tasting. After a taste is delivered in the mouth, information is passed
on from the sensory system to the brain, where several brain areas are
involved in the processing of different aspects of taste information ulti-
mately leading to the perception of a taste. For reasons of clarity, we re-
ported theﬁndings in the order inwhich the brain areas appeared in the
neural pathway involved in basic taste processing. We did not observe
age group differences in brain activation in the ﬁrst relay areas in the
brain (i.e. the NTS and the ventral posteromedial nucleus of the thala-
mus), indicating that the taste information entering the brain in young
and older adults do not seem to differ.
Age was found to deﬁne taste perception at higher levels in the taste
pathway, especially in the primary and secondary somatosensory areas.
We observed lower levels of brain activation in the older compared to
young adults in these brain areas, and also in the pulvinar nucleus ofSweet                             Sour                              Salty      
2.0 
1.5 
1.0
0.5
0
-0.5
-1.0
-1.5
-2.0
Fig. 10. Lateral hypothalamus. Bar graphs representing taste quthe thalamus. The pulvinar nucleus of the thalamus receives eithermul-
tisensory inputs from different sensory organs or projections from dif-
ferent sensory cortical areas (Cappe et al., 2009), and projects to the
oral somatosensory areas on the postcentral gyrus and posterior insular
cortex. These areas seem to play a key role in integrating taste and
somatosensory inputs to produce a multisensory percept (Small and
Prescott, 2005). Reduced brain activation in the somatosensory areas
was previously found in older adults as compared to young adults in re-
sponse to somatosensory stimuli (Brodoehl et al., 2013; Tomasi and
Volkow, 2012), as well as in response to multisensory stimuli
(Stephen et al., 2010).
The current study focused on individuals without hypogeusia, based
on a screening using Taste Strips. Since detection and identiﬁcation of a
taste impregnated on the ﬁlter paper strips requires a judgement based
on the subjective interpretation of (ambiguous) information, no clear
distinction can be made between mechanisms (e.g. sensation, percep-
tion, and decision making) that underlie the verbal response. Taking
this into account, we conclude that these results at least reﬂect the
absence of changes in age-related difference in taste identiﬁcation.
Therefore, the observed lower levels of brain activation in the elderly
might indicate that older adults, compared to young adults, need less                         Bitter                  0.00                  F-value               5.50
R LY = -12.00    
X = 0.00
ality effects in young (blue) and older (red) participants.
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and somatosensory information.
Interpreting age effects on taste perception
Besides the above-mentioned brain areas, another pathway from the
thalamus to the cortex might be involved in age differences in taste
perception. The connection between the medio-dorsal nucleus of the
thalamus and the dorsal anterior insular cortex was found to be in-
volved in attending relevant stimuli (Buchsbaum et al., 2006). Several
authors, proposing a role for the MD nucleus in attention, showed that
enhanced levels of activation in this nucleus are needed for sustained at-
tention, necessary to perceive different tastes (Plailly et al., 2008;
Spence et al., 2001; Tham et al., 2009; Veldhuizen et al., 2011). In our
study, we found that older adults showed lower brain activation in the
MD nucleus, irrespective of taste concentration and quality, indicating
that older adults may direct less attention to the taste stimuli as com-
pared to young adults. Following this, we hypothesize that in order to
adequately perceive the taste stimulus a more efﬁcient reallocation of
attention has to be realized by the older individuals. This indeed sup-
ported by the ﬁnding that the dorsal anterior insula wasmore activated
in older adults in response to the unexpected (ﬁrst) taste stimulus as
compared to young participants. This ﬁnding is in agreement with
Veldhuizen et al. (2012), who found that the dorsal anterior insular cor-
tex was activated when participants received a sweet taste stimulus
while they expected a tasteless stimulus, and attention had to be
reallocated to perceive the taste.
Age and taste concentration
Age interacted with brain activation in response to different taste
concentrations in the amygdala, irrespective of taste quality. The
amygdala was previously found to interact with taste concentration
(Anderson and Sobel, 2003; Small et al., 2003; Spetter et al., 2010),
but the role of the amygdala in concentration coding was not always
found to be straightforward (Winston et al., 2005). In our study, the in-
teraction between age and taste concentration was dominated by
higher levels of brain activation in young compared to older adults, es-
pecially in the right amygdala. It has been found that reduced activity
in the right amygdala, particularly for negative stimuli, underlies differ-
ences in the perception of emotional stimuli in older adults (Roalf et al.,
2011), while increased activity of the amygdala was associated with the
processing of aversive tastes (Small et al., 1997). In addition, evidence
for an interaction of taste concentration with taste pleasantness comes
from two studies in which patients with amygdala lesions displayed in-
creased intensity perception for aversive but not for pleasant tastes
(Small et al., 2001a, 2001b). Our ﬁnding of increased activity in young
adults could not be attributed to the perception of an aversive taste
(e.g., the bitter taste quality), instead it seems to be related to liking rat-
ings; young did report lower liking ratings as compared to the older
adults in response to sweet and salty tastes. Therefore, the observed
age-related differences in brain activation in the amygdala might repre-
sent its involvement in liking of tastes, which requires the integration of
both concentration and pleasantness information related to a speciﬁc
taste.
The mechanism underlying changes in taste perception in older
adults is further complicated by the fact that the amygdala is an
important site of neural habituation (i.e. decreased neural response
after repeated exposure). Therefore, taste processing is inseparably
linked to habituation. Previous studies showed changes in habituation
in older adults (Dushanova and Christov, 2013; Vannini et al., 2012).
For example, an fMRI study in which individuals repeatedly viewed
neutral human faces indicated that the right amygdala shows greater
habituation in young compared to older adults (Wedig, Rauch, Albert,
Wright, 2005). The current ﬁndings merit further investigation and
replication in future studies.Age and taste quality
Besides the age-related differences in the perception of different
taste concentrations, we studiedwhether basic taste processing showed
quality speciﬁcity. Previous psychophysical studies indicated that the
extent and signiﬁcance of age-related differences in taste perception
varies between taste qualities, but, as mentioned previously, this
method does not provide insight in neural mechanisms underlying
these differences. Neuroimaging does enable us to study functional ac-
tivity in different brain areas, providingmore information about speciﬁc
processes involved in taste perception. It was previously found that
young adults showed more activation in the thalamus and primary so-
matosensory area in response to sweet, sour, salty, and bitter tastes
(Jacobson et al., 2010). In addition, more activation was found in the
posterior insular cortex in response to sweet taste (Jacobson et al.,
2010), but no age difference was found for bitter taste in this area
(Green et al., 2013). However, these studies did not elaborated on the
functional interpretation of the areas involved in terms of their particu-
lar roles within the taste pathway.
Individuals strive to maintain a stable metabolic state. This requires
constant monitoring and adjustments to avoid imbalance by means of
determining which foods to ingest and to avoid. To maintain metabolic
homeostasis through food intake, the brain actively manipulates taste
perception (Shin and Egan, 2010). Depending on the glucose, sodium,
and acid levels in the individuals' body, the brain modulates the per-
ceived intensity and pleasantness of a sweet, sour, salty and bitter
taste, respectively (Tandon et al., 2012). For example, increase of leptin
was related to a decrease of pleasantness ratings of sweet tastewhich in
turn affects food intake, thereby playing an important role in regulation
of glucose homeostasis (Sanematsu et al., 2009). In addition, after recov-
ery from malnutrition, pleasantness of savoury solutions increased,
thereby facilitating protein intake and homeostasis (Tsurugizawa,
Uneyama, and Torii, 2014). Both the pulvinar nucleus and associated
inferotemporal regions and the lateral hypothalamus play an important
role in regulating homeostasis and appetite. Since we observed that
young and older adults differ in their perception of different taste
qualities especially in these brain areas, we hypothesize that age-
related differences in the regulation of homeostasis underlie the quality
speciﬁcity in taste perception.
In our study, age differentially affected the perception of sour, salty,
and bitter tastes in two ways. First, older adults showed lower brain ac-
tivation in the right pulvinar nucleus and associated inferotemporal re-
gions in response to sour tastes as compared to young adults. It has been
suggested that these brain areas are selectively modulated in a manner
that reﬂects an individual's preference to maintain homeostasis (LaBar
et al., 2001). Increased acidity in body tissue in older adults (Frassetto
and Sebastian, 1996), was found to underlie decreased sour taste inten-
sity perception. Second, older adults showed lower brain activation as
compared to young adults in the lateral hypothalamus in response to
salty and bitter tastes, and showed increased preference for salty but
not bitter stimuli. This is in agreement with the ﬁnding that lesions in
the lateral hypothalamus result in changes in salt preference (Abrão
Saad et al., 2004; Da Silva et al., 1995). Based on our results, we consider
that homeostatic mechanisms underlie taste quality speciﬁcity in age
related differences in taste processing. Additional studies are needed
to further test the hypotheses gathered from the current study.
Conclusion
The current study highlighted age-related differences in taste per-
ception at the different higher order brain areas of the taste pathway.
We found that taste information delivered to the brain in young and
older adults did not differ, as illustrated by the absence of age effect in
NTS andVPMactivity. Our results indicate thatmultisensory integration
changes with age; older adults needed less brain activation to integrate
both taste and somatosensory information. Furthermore, older adults
11H.R. Hoogeveen et al. / NeuroImage 119 (2015) 1–12seem to focus attention less efﬁciently to the taste stimulus; therefore
attention had to be reallocated by the older individuals in order to be
able to adequately perceive the tastes. In addition, we considered that
the observed age-related differences in brain activation between taste
concentrations in the amygdala reﬂect its involvement in processing
both concentration and pleasantness of taste. Finally, we state the im-
portance of homeostaticmechanisms in understanding the taste quality
speciﬁcity in age related differences in taste perception.
Acknowledgments
The authors would like to thank J.B.C. Marsman for his assistance
with the linear mixed effects modelling of the fMRI data.
References
Abrão Saad,W., Guarda, I.F.M.S., Camargo, L.A., de A., Garcia, G., Gutierrez, L.I., Abrão Saad,
W., Saad Guarda, R., 2004. Lateral hypothalamus lesions inﬂuences water and salt in-
take, and sodium and urine excretion, and arterial blood pressure induced by L-NAME
and FK 409 injections into median preoptic nucleus in conscious rats. Life Sci. 75 (6),
685–697. http://dx.doi.org/10.1016/j.lfs.2004.01.018.
Anderson, A.K., Sobel, N., 2003. Dissociating intensity from valence as sensory inputs to
emotion. Neuron 39 (4), 581–583 (Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/12925272).
Arvidson, K., 1979. Location and variation in number of taste buds in human fungiform
papillae. Scand. J. Dent. Res. 87 (6), 435–442 (Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/296567).
Ashburner, J., 2007. A fast diffeomorphic image registration algorithm. NeuroImage 38
(1), 95–113. http://dx.doi.org/10.1016/j.neuroimage.2007.07.007.
Bates, D., Maechler, M., Bolker, B., Walker, S., 2014. Linear Mixed-Effects Models Using
Eigen and S4 Retrieved from. http://cran.r-project.org/web/packages/lme4/index.
html.
Bender, G., Veldhuizen, M.G., Meltzer, J. a, Gitelman, D.R., Small, D.M., 2009. Neural corre-
lates of evaluative compared with passive tasting. Eur. J. Neurosci. 30 (2), 327–338.
http://dx.doi.org/10.1111/j.1460-9568.2009.06819.x.
Berns, G.S., McClure, S.M., Pagnoni, G., Montague, P.R., 2001. Predictability modulates
human brain response to reward. J. Neurosci. 21 (8), 2793–2798 (Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11306631).
Boling, W., Reutens, D.C., Olivier, A., 2002. Functional topography of the low postcentral
area. J. Neurosurg. 97 (2), 388–395. http://dx.doi.org/10.3171/jns.2002.97.2.0388.
Brodoehl, S., Klingner, C., Stieglitz, K., Witte, O.W., 2013. Age-related changes in the so-
matosensory processing of tactile stimulation—an fMRI study. Behav. Brain Res.
238, 259–264. http://dx.doi.org/10.1016/j.bbr.2012.10.038.
Buchsbaum, M.S., Buchsbaum, B.R., Chokron, S., Tang, C., Wei, T.-C., Byne, W., 2006.
Thalamocortical circuits: fMRI assessment of the pulvinar and medial dorsal nucleus
in normal volunteers. Neurosci. Lett. 404 (3), 282–287. http://dx.doi.org/10.1016/j.
neulet.2006.05.063.
Cabeza, R., Daselaar, S.M., Dolcos, F., Prince, S.E., Budde, M., Nyberg, L., 2004. Task-
independent and task-speciﬁc age effects on brain activity during working memory,
visual attention and episodic retrieval. Cereb. Cortex (New York, N.Y.: 1991) 14 (4),
364–375 (Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/15028641).
Cappe, C., Morel, A., Barone, P., Rouiller, E.M., 2009. The thalamocortical projection sys-
tems in primate: an anatomical support for multisensory and sensorimotor interplay.
Cereb. Cortex (New York, N.Y.: 1991) 19 (9), 2025–2037. http://dx.doi.org/10.1093/
cercor/bhn228.
Chen, G., Saad, Z.S., Britton, J.C., Pine, D.S., Cox, R.W., 2013. Linear mixed-effects modeling
approach to FMRI group analysis. NeuroImage 73, 176–190. http://dx.doi.org/10.
1016/j.neuroimage.2013.01.047.
Da Silva, R.K., Saad, W.A., Renzi, A., Menani, J.V., Camargo, L.A., 1995. Effect of lateral hy-
pothalamus lesions on the water and salt intake, and sodium and urine excretion in-
duced by activation of the median preoptic nucleus in conscious rats. J. Auton. Nerv.
Syst. 53 (2–3), 195–204 (Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
7560756).
De Boer, A., Ter Horst, G.J., Lorist, M.M., 2013. Physiological and psychosocial age-related
changes associated with reduced food intake in older persons. Ageing Res. Rev. 12
(1), 316–328. http://dx.doi.org/10.1016/j.arr.2012.08.002.
Deen, B., Pitskel, N.B., Pelphrey, K.a., 2011. Three systems of insular functional connectiv-
ity identiﬁed with cluster analysis. Cereb. Cortex (New York, N.Y.: 1991) 21 (7),
1498–1506. http://dx.doi.org/10.1093/cercor/bhq186.
DeLoss, D.J., Pierce, R.S., Andersen, G.J., 2013. Multisensory integration, aging, and the
spunds-induced ﬂash illusion. Psychol. Aging 28 (3), 802–812.
Di Lorenzo, P.M., Victor, J.D., 2003. Taste response variability and temporal coding in the
nucleus of the solitary tract of the rat. J. Neurophysiol. 90 (3), 1418–1431. http://
dx.doi.org/10.1152/jn.00177.2003.
Diaconescu, A.O., Hasher, L., McIntosh, A.R., 2013. Visual dominance and multisensory in-
tegration changes with age. NeuroImage 65, 152–166. http://dx.doi.org/10.1016/j.
neuroimage.2012.09.057.
Dushanova, J., Christov, M., 2013. Auditory event-related brain potentials for an early dis-
crimination between normal and pathological brain aging. Neural Regen. Res. 8 (15),
1390–1399.Eckert, M.A., Menon, V., Walczak, A., Ahlstrom, J., Denslow, S., Horwitz, A., Dubno, J.R.,
2009. At the Heart of the Ventral Attention System: the Right Anterior Insula. Hum.
Brain Mapp. 30 (8), 2530–2541.
Fjell, A.M., Walhovd, K.B., Reinvang, I., Lundervold, A., Salat, D., Quinn, B.T., Dale, A.M.,
2006. Selective increase of cortical thickness in high-performing elderly—structural
indices of optimal cognitive aging. NeuroImage 29 (3), 984–994. http://dx.doi.org/
10.1016/j.neuroimage.2005.08.007.
Frassetto, L., Sebastian, A., 1996. Age and systemic acid–base equilibrium: analysis of
published data. J. Gerontol. A: Biol. Med. Sci. 51 (1), B91–B99 (Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/8548506).
Friston, K.J., Williams, S., Howard, R., Frackowiak, R.S., Turner, R., 1996. Movement-related
effects in fMRI time-series. Magn. Reson. Med. 35 (3), 346–355 Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/8699946.
Fukunaga, A., Uematsu, H., Sugimoto, K., 2005. Inﬂuences of Aging on Taste Perception
and Oral Somatic Sensation. 60 (1), 109–113.
Gilmore, M.M., Murphy, C., 1989. Aging is associated with increased Weber ratios for caf-
feine, but not for sucrose. Percept. Psychophys. 46 (6), 555–559 (Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/2587184).
Grabenhorst, F., Rolls, E.T., Bilderbeck, A., 2008. How cognition modulates affective re-
sponses to taste and ﬂavor: top-down inﬂuences on the orbitofrontal and pregenual
cingulate cortices. Cereb. Cortex (New York, N.Y.: 1991) 18 (7), 1549–1559. http://dx.
doi.org/10.1093/cercor/bhm185.
Grady, C.L., McIntosh, A.R., Craik, F.I.M., 2005. Task-related activity in prefrontal
cortex and its relation to recognition memory performance in young and old
adults. Neuropsychologia 43 (10), 1466–1481. http://dx.doi.org/10.1016/j.
neuropsychologia.2004.12.016.
Green, E., Jacobson, a, Haase, L., Murphy, C., 2013. Can age-related CNS taste differences be
detected as early as middle age? Evidence from fMRI. Neuroscience 232, 194–203.
http://dx.doi.org/10.1016/j.neuroscience.2012.11.027.
Haase, L., Cerf-Ducastel, B., Murphy, C., 2009. Cortical activation in response to pure taste
stimuli during the physiological states of hunger and satiety. NeuroImage 44 (3),
1008–1021. http://dx.doi.org/10.1016/j.neuroimage.2008.09.044.
Jabbi, M., Swart, M., Keysers, C., 2007. Empathy for positive and negative emotions in the
gustatory cortex. NeuroImage 34 (4), 1744–1753. http://dx.doi.org/10.1016/j.
neuroimage.2006.10.032.
Jacobson, A., Green, E., Murphy, C., 2010. NeuroImage age-related functional changes in
gustatory and reward processing regions: an fMRI study. NeuroImage 53 (2),
602–610. http://dx.doi.org/10.1016/j.neuroimage.2010.05.012.
Kaneda, H., Maeshima, K., Goto, N., Kobayakawa, T., 2000. Decline in Taste and Odor Dis-
crimination Abilities with Age, and Relationship between Gustation and Olfaction.
pp. 331–337.
Kmiec, Z., 2010. Central control of food intake in aging. Interdiscip. Top. Gerontol. 37,
37–50. http://dx.doi.org/10.1159/000319993.
Kremer, S., Bult, J.H.F., Mojet, J., Kroeze, J.H.a., 2007. Compensation for age-associated
chemosensory losses and its effect on the pleasantness of a custard dessert and a
tomato drink. Appetite 48 (1), 96–103. http://dx.doi.org/10.1016/j.appet.2006.08.
001.
Krondl, M., Lau, D., Yurkiw, M.A., Coleman, P.H., 1982. Food use and perceived food
meanings of the elderly. J. Am. Diet. Assoc. 80 (6), 523–529 (Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/7086005).
LaBar, K.S., Gitelman, D.R., Parrish, T.B., Kim, Y.H., Nobre, A.C., Mesulam, M.M., 2001. Hun-
ger selectively modulates corticolimbic activation to food stimuli in humans. Behav.
Neurosci. 115 (2), 493–500 (Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
11345973).
Landis, B.N., Welge-Luessen, A., Brämerson, A., Bende, M., Mueller, C.A., Nordin, S.,
Hummel, T., 2009. “Taste Strips” — a rapid, lateralized, gustatory bedside identiﬁca-
tion test based on impregnated ﬁlter papers. J. Neurol. 256 (2), 242–248. http://dx.
doi.org/10.1007/s00415-009-0088-y.
Levine, B.K., Beason-Held, L.L., Purpura, K.P., Aronchick, D.M., Optican, L.M., Alexander,
G.E., Schapiro, M.B., 2000. Age-related differences in visual perception: a PET study.
Neurobiol. Aging 21 (4), 577–584 (Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/10924775).
Li, J.X., Yoshida, T., Monk, K.J., Katz, D.B., 2013. Lateral hypothalamus contains two types of
palatability-related taste responses with distinct dynamics. J. Neurosci. 33 (22),
9462–9473. http://dx.doi.org/10.1523/JNEUROSCI.3935-12.2013.
McDonald, R.B., Ruhe, R.C., 2010. Changes in food intake and its relationship to weight
loss during advancing age. Interdiscip. Top. Gerontol. 37, 51–63.
Methven, L., Allen, V.J., Withers, C. a, Gosney, M.a., 2012. Ageing and taste. Proc. Nutr. Soc.
71 (4), 556–565. http://dx.doi.org/10.1017/S0029665112000742.
Mistretta, C.M., Baum, B.J., 1984. Quantitative study of taste buds in fungiform and
circumvallate papillae of young and aged rats. J. Anat. 138 (Pt 2), 323–332 (Retrieved
from http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid = 1164072&tool =
pmcentrez&rendertype = abstract).
Mojet, J., Christ-hazelhof, E., Heidema, J., 2001. Taste Perception with Age: Generic or
Speciﬁc Losses in Threshold Sensitivity to the Five Basic Tastes? pp. 845–860
Murphy, C., Gilmore, M.M., 1989. Quality-speciﬁc effects of aging on the human taste sys-
tem. Percept. Psychophys. 45 (2), 121–128 (Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/2928073).
Nelson, S.M., Dosenbach, N.U.F., Cohen, A.L., Wheeler, M.E., Schlaggar, B.L., Petersen, S.E.,
2010. Role of the anterior insula in task-level control and focal attention. Brain Struct.
Funct. 214 (5–6), 669–680. http://dx.doi.org/10.1007/s00429-010-0260-2.
Nitschke, J.B., Dixon, G.E., Sarinopoulos, I., Short, S.J., Cohen, J.D., Smith, E.E., Davidson, R.J.,
2006. Altering expectancy dampens neural response to aversive taste in primary
taste cortex. Nat. Neurosci. 9 (3), 435–442. http://dx.doi.org/10.1038/nn1645.
Peiffer, A.M., Hugenschmidt, C.E., Maldjian, J.A., Casanova, R., Srikanth, R., Hayasaka, S.,
Carolina, N., 2009. Aging and the interaction of sensory cortical function and
12 H.R. Hoogeveen et al. / NeuroImage 119 (2015) 1–12structure. Hum. Brain Mapp. 240, 228–240. http://dx.doi.org/10.1002/hbm.20497
(December 2007).
Plailly, J., Howard, J.D., Gitelman, D.R., Gottfried, J.A., 2008. Attention to odor modulates
thalamocortical connectivity in the human brain. J. Neurosci. 28 (20), 5257–5267.
http://dx.doi.org/10.1523/JNEUROSCI.5607-07.2008.
Quiton, R.L., Roys, S.R., Zhuo, J., Keaser, M.L., Gullapalli, R.P., Greenspan, J.D., 2007. Age-
related changes in nociceptive processing in the human brain. Ann. N. Y. Acad. Sci.
1097, 175–178. http://dx.doi.org/10.1196/annals.1379.024.
R Core Team, 2012. R: A language and environment for statistical computing. R Founda-
tion for Statistical Computing, Vienna, Austria.
Roalf, D.R., Pruis, T.A., Stevens, A.A., Janowsky, J.S., 2011. More is less: emotion induced
prefrontal cortex activity habituates in aging. Neurobiol. Aging 32 (9), 1634–1650.
http://dx.doi.org/10.1016/j.neurobiolaging.2009.10.007.
Rolls, E.T., 2011. Taste, olfactory and food texture reward processing in the brain and obe-
sity. Int. J. Obes. (2005) 35 (4), 550–561. http://dx.doi.org/10.1038/ijo.2010.155.
Sanematsu, K., Horio, N., Murata, Y., Yoshida, R., Ohkuri, T., Shigemura, N., Ninomiya, Y.,
2009. Modulation and transmission of sweet taste information for energy homeosta-
sis. Ann. N.Y. Acad. Sci. 1170, 102–106.
Schoenfeld, M.A., Neuer, G., Tempelmann, C., Schüssler, K., Noesselt, T., Hopf, J.-M., Heinze,
H.-J., 2004. Functional magnetic resonance tomography correlates of taste perception
in the human primary taste cortex. Neuroscience 127 (2), 347–353. http://dx.doi.org/
10.1016/j.neuroscience.2004.05.024.
Shin, Y.-K., Egan, J.M., 2010. Roles of hormones in taste signaling. Results Probl. Cell Differ.
52, 115–137. http://dx.doi.org/10.1007/978-3-642-14426-4_10.
Shin, Y.-K., Cong,W., Cai, H., Kim,W.,Maudsley, S., Egan, J.M., Martin, B., 2012. Age-related
changes in mouse taste bud morphology, hormone expression, and taste
responsivity. J. Gerontol. A: Biol. Med. Sci. 67 (4), 336–344. http://dx.doi.org/10.
1093/gerona/glr192.
Simon, S.A., de Araujo, I.E., Gutierrez, R., Nicolelis, M.A.L., 2006. The neural mechanisms of
gustation: a distributed processing code. Nat. Rev. Neurosci. 7 (11), 890–901. http://
dx.doi.org/10.1038/nrn2006.
Small, D.M., Prescott, J., 2005. Odor/taste integration and the perception of ﬂavor. Exp.
Brain Res. 166 (3–4), 345–357. http://dx.doi.org/10.1007/s00221-005-2376-9.
Small, D.M., Jones-gotman, M., Zatorre, R.J., Petrides, M., Evans, A.C., 1997. Flavor Process-
ing: More Than the Sum of its Parts. 8 (18), 3913–3917.
Small, D.M., Zatorre, R.J., Jones-Gotman, M., 2001a. Changes in taste intensity perception
following anterior temporal lobe removal in humans. Chem. Senses 26 (4),
425–432 (Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/11369677).
Small, D.M., Zatorre, R.J., Jones-Gotman, M., 2001b. Increased intensity perception of aver-
sive taste following right anteromedial temporal lobe removal in humans. Brain 124
(Pt 8), 1566–1575 (Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/
11459748).
Small, D.M., Gregory, M.D., Mak, Y.E., Gitelman, D., Mesulam, M.M., Parrish, T., 2003.
Dissociation of Neural Representation of Intensity and Affective Valuation in
Human Gustation. 39, 701–711.
Smeets, P.A.M., de Graaf, C., Staﬂeu, A., van Osch, M.J.P., van der Grond, J., 2005. Functional
MRI of human hypothalamic responses following glucose ingestion. NeuroImage 24
(2), 363–368. http://dx.doi.org/10.1016/j.neuroimage.2004.07.073.
Smith-Swintosky, V.L., Plata-Salaman, C.R., Scott, T.R., 1991. Gustatory neural coding in
the monkey cortex: stimulus quality. J. Neurophysiol. 66 (4), 1156–1165 (Retrieved
from http://www.ncbi.nlm.nih.gov/pubmed/1761978).
Spence, C., McGlone, F.P., Kettenmann, B., Kobal, G., 2001. Attention to olfaction. A
psychophysical investigation. Exp. Brain Res. 138 (4), 432–437 (Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/11465740).Spetter, M.S., Smeets, P. a M., de Graaf, C., Viergever, M.a., 2010. Representation of sweet
and salty taste intensity in the brain. Chem. Senses 35 (9), 831–840. http://dx.doi.org/
10.1093/chemse/bjq093.
Stephani, C., Fernandez-Baca Vaca, G., Maciunas, R., Koubeissi, M., Lüders, H.O., 2011.
Functional neuroanatomy of the insular lobe. Brain Struct. Funct. 216 (2), 137–149.
http://dx.doi.org/10.1007/s00429-010-0296-3.
Stephen, J.M., Knoefel, J.E., Adair, J., Hart, B., Aine, C.J., 2010. Aging-related changes in au-
ditory and visual integration measured with MEG. Neurosci. Lett. 484 (1), 76–80.
http://dx.doi.org/10.1016/j.neulet.2010.08.023.
Tandon, S., Simon, S.A., Nicolelis, M.A.L., 2012. Appetitive changes during salt deprivation
are paralleled by widespread neuronal adaptations in nucleus accumbens, lateral
hypothalamus, and central amygdala. J. Neurophysiol. 108 (4), 1089–1105. http://
dx.doi.org/10.1152/jn.00236.2012.
Tham, W.W.P., Stevenson, R.J., Miller, L.A., 2009. The functional role of the medio dorsal
thalamic nucleus in olfaction. Brain Res. Rev. 62 (1), 109–126. http://dx.doi.org/10.
1016/j.brainresrev.2009.09.007.
Tokita, K., Armstrong, W.E., St John, S.J., Boughter, J.D., 2014. Activation of lateral
hypothalamus-projecting parabrachial neurons by intraorally delivered gustatory
stimuli. Front. Neural Circ. 8, 86. http://dx.doi.org/10.3389/fncir.2014.00086.
Tomasi, D., Volkow, N.D., 2012. Aging and functional brain networks. Mol. Psychiatry 17
(5), 471. http://dx.doi.org/10.1038/mp.2011.81 (549–58).
Touroutoglou, A., Hollenbeck, M., Dickerson, B.C., Feldman Barrett, L., 2012. Dissociable
large-scale networks anchored in the right anterior insula subserve affective
experience and attention. NeuroImage 60 (4), 1947–1958. http://dx.doi.org/10.
1016/j.neuroimage.2012.02.012.
Tsurugizawa, T., Uneyama, H., Torii, K., 2014. Brain amino acid sensing. Diabetes, Obes.
Metab. 16, 41–48.
Van Gelderen, P., Duyn, J.H., Ramsey, N.F., Liu, G., Moonen, C.T.W., 2012. The PRESTO tech-
nique for fMRI. NeuroImage 62 (2), 676–681. http://dx.doi.org/10.1016/j.
neuroimage.2012.01.017.
Vannini, P., Hedden, T., Becker, J.A., Sullivan, C., Putcha, D., Rentz, D., Johnson, K.A.,
Sperling, R.A., 2011. Age and amyloid-related alterations in default network habitua-
tion to stimulus repetition. Neurobiol. Aging 33 (7), 1237–1252.
Veldhuizen, M.G., Douglas, D., Aschenbrenner, K., Gitelman, D.R., Small, D.M., 2011. The
anterior insular cortex represents breaches of taste identity expectation. J. Neurosci.
31 (41), 14735–14744. http://dx.doi.org/10.1523/JNEUROSCI.1502-11.2011.
Veldhuizen, M.G., Gitelman, D.R., Small, D.M., 2012. An fMRI study of the interactions be-
tween the attention and the gustatory networks. Chemosens. Percept. 5 (1),
117–127. http://dx.doi.org/10.1007/s12078-012-9122-z.
Wedig, M.M., Rauch, S.L., Albert, M.S., Wright, C.I., 2005. Differential amygdala habituation
to neutral faces in young and elderly adults. Neurosci. Lett. 385 (2), 114–119.
Weiffenbach, J.M., Baum, B.J., Burghauser, R., 1982. Taste thresholds: quality speciﬁc
variation with human aging. J. Gerontol. 37 (3), 372–377 (Retrieved from http://
www.ncbi.nlm.nih.gov/pubmed/7069164).
Winston, J.S., Gottfried, J.A., Kilner, J.M., Dolan, R.J., 2005. Integrated neural representa-
tions of odor intensity and affective valence in human amygdala. J. Neurosci. 25
(39), 8903–8907. http://dx.doi.org/10.1523/JNEUROSCI.1569-05.2005.
Zald, D., 1998. Aversive gustatory stimulation activates limbic circuits in humans. Brain
121 (6), 1143–1154. http://dx.doi.org/10.1093/brain/121.6.1143.
